PHYSICAL REVIEW B

VOLUME 50, NUMBER 20

15 NOVEMBER 199%4-11

Interpretive crystal-field parameters: Application to Nd** in GdVO, and YVO,

F. G. Anderson
Department of Physics, University of Vermont, Burlington, Vermont 05405

P. L. Summers, H. Weidner, P. Hong, and R. E. Peale
Department of Physics, University of Central Florida, Orlando, Florida 32816
(Received 6 May 1994)

A detailed spectroscopic study with crystal-field analysis of the doped laser crystal Nd:GdVO, is
presented. The crystal field is expanded in terms of operators transforming as the irreducible representa-
tion of the T, group. This allows us to interpret the crystal-field parameters in terms of a simple point-
ion model. A similar analysis of Nd:YVO, is also made for comparison.

INTRODUCTION

The crystal GAVO, (GVO) doped with Nd** ions has
recently been shown to compete favorably with Nd:YVO,
(Nd:YVO) as the medium of choice for diode-pumped mi-
crochip lasers."2 Interest in GVO arises because of its
potential to be grown more easily and economically than
YVO, and because its larger lattice constants reduce Nd-
Nd interactions and increase the segregation coefficient
closer to unity.? Though Nd:GVO is now commercially
available,® a detailed spectroscopic study with crystal-
field analysis has yet to be performed.

Our first purpose here is to report accurate Nd** levels
and a crystal-field calculation for both GVO and YVO.
This permits a quantitative discussion of the small but
measurable differences in the two crystals. A second
perhaps more far-reaching purpose is to present an appli-
cation of our cubic parametrization for the crystal
field.*”® The fitting parameters obtained for GVO/YVO
demonstrate again the enhanced interpretational value of
this parametrization over the traditional parametrization
in terms of spherical harmonics.

EXPERIMENT

Samples of GVO used here were cut from single-crystal
boules grown by the top-seeded solution growth method
(modified Czochralski technique).” The nominal Nd**
concentrations of the samples were 0.58 and 0.65 at. %.
Spectra for these two concentrations were essentially
identical. A 3-mm-thick sample of 1% Nd:YVO from a
commercial laser rod was studied for comparison.

A Bomem DAS8 Fourier-transform spectrometer col-
lected both absorption and photoluminescence data, the
latter being excited by a multiline Ar laser. A variety of
resources were used with the spectrometer. The beam-
splitter was either quartz or Ge-coated KBr; the detector,
InSb operating at 77 K or a room-temperature Si photo-
diode. The frequency accuracy of the instrument is 0.004
cm™! at 2000 cm~!'. A resolution of 1 cm™! was
sufficient to resolve all lines. Peak positions were deter-

0163-1829/94/50(20)/14802(7)/$06.00 50

mined interactively using a high-resolution graphics
monitor and the uncertainty in the values is less than 0.5
cm ™! in most cases. The entire light path is in vacuum,
so positions of absorption and luminescence peaks are in
vacuum wave numbers. Spectra were collected at 80-K
sample temperatures using a home-built liquid-nitrogen
cold-finger cryostat. Data for GVO at 2 K were collected
using a Janis supervaritemp liquid-helium cryostat.
Figure 1 compares the *I,,—*I,  , transitions for
Nd** in YVO and GVO at 80 K. The decrease in base-
line at low frequency is caused by absorption from a thin
layer of water ice on the sample surface. The similarity
in the frequency position and relative strength of lines in
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FIG. 1. *I,,—*%I,,,, transmittance spectra for Nd** in
YVO, and GdVO, at 80 K.
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the two spectra is apparent even though the strongest
YVO line is 100% deep.

Figure 2 compares the ‘I, —*I,, ,, spectra for the
two materials at 80 K. Several of the YVO lines are
100% deep. Figure 3 compares the *I,,—*I s,
transmission spectra. In both figures, the spectral simi-
larity of the two crystals is clear.

In Fig. 4, a comparison is made for the *I,,—*F, ,
transitions at 80-K sample temperatures. Here some no-
ticeable differences appear. For YVO the two 100% deep
lines are the transitions from the ground level. The two
sharp shoulders observed on their low-frequency sides
arise from a second site.® The remaining strong lines in
the spectrum are thermal replicas of the main lines, i.e.,
they originate from thermally populated excited levels
within the *I,,, manifold. For GVO, there are fewer
lines. The weak line in the center of the spectrum is a
thermal replica that disappears at 2 K. The deep line is
asymmetric and in fact is composed of two strongly over-
lapping transitions. The two *F,,, levels are evidently
nearly degenerate in GVO. Therefore, the similarities in
the GVO/YVO emission spectra will be less obvious than
for their absorption spectra, since all the emission transi-
tions we present originate in the *F; ,, manifold.

Figures 5-8 present the *F;,, —*I s, *I3,, 1,1,
and *I,,, photoluminescence bands, respectively. In Fig.
5, both spectra were collected at 80-K sample tempera-
tures. In Figs. 6—8, the GVO spectra were collected at 2
K to reduce as much as possible the contribution from
the upper *F, ,, level, which is only about 3 cm ™! above
the lower level. This contribution is already significant at
6 K. It is strong and merged with the main transitions at
80 K. Some of the weak additional lines for both materi-
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FIG. 2. *Iy,—*I;, transmittance spectra for Nd** in
YVO, and GdVO, at 80 K.
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FIG. 3. *I,;,—*%Is,, transmittance spectra for Nd** in
YVO, and GdVO, at 80 K.

als are due to emission from a second site. Occupation of
the second site is much larger in more heavily doped
GVO samples, which we have studied separately.

From the photoluminescence and absorption lines, we
obtain Stark levels for the *I J multiplets and the *F, 2
multiplet of Nd** in GVO. Many absorption transitions
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FIG. 4. ‘I,,,—*F;,, transmittance spectra for Nd** in
YVO, and GdVO, at 80 K.
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FIG. 5. *F,,,—*I,s,, photoluminescence spectra for Nd** in
YVO, and GdVO, at 80 K.

originating in the first two levels of *I,,, which are
thermally populated at 80 K, were observed and used in
the analysis. A rather large Stokes shift between absorp-
tion and emission values from 2 to 4 cm ™! was found.
Where both emission and absorption values could be
used, they were averaged. Hence the GVO levels
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FIG. 6. *F;,,—*I,;,, photoluminescence spectra for Nd** in
YVO, at 80 K and GdVO, at 2 K.
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FIG. 7. *F,,,—"*I,,,, photoluminescence spectra for Nd** in
YVO, at 80 K and GdVO, at 2 K.

TABLE I. Stark levels (cm™") of the *I J multiplets for Nd**

in GdVO,.
J multiplet Experimental Calculated
419/2 0.0 0.0
103.3 102.7
165.4 164.8
188.0 190.4
404.8 414.7
T 1961.3 1960.5
1983.2 1982.2
2029.9 2028.2
2039.0 2036.5
2132.7 2136.1
2160.7 2159.5
L3, 3909.5 3908.1
3928.1 3930.4
3964.5 3963.3
4020.6 4019.5
4070.2 4071.5
4141.5 4140.8
4140.9
15,2 5845.5 5847.2
5864.1 5869.1
5922.6 5924.9
6055.8 6049.4
6139.9
6239.5 6235.2
6237.3
6294.8 6291.8
*Fy, 11369
11372
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FIG. 8. *F;,,—*I,,, photoluminescence spectra for Nd** in
YVO, at 80 K and GdVO, at 2 K.

presented in Table I are uncertain to within 2—4 cm™!.
For comparison, our determination of the Nd3**:YVO
levels are presented in Table II. The levels are very simi-

lar in the two crystals.

CRYSTAL-FIELD MODEL

In this section, we develop a crystal-field model for the
electronic structure of the Nd>* ion substituting for
Gd** in GVO or for Y in YVO. The 3+ charge state
of Nd has a £ configuration. In accordance with Hund’s
rules, the ground term is 4I, and we focus our attention
on this term. As is well known, the spin-orbit interaction
is rather strong within the rare-earth metals, and dom-
inates over the crystal-field interaction. The spin-orbit
interaction splits the *I term into manifolds of J=1 (the
ground state), i, 13, and 2. These manifolds interact
with manifolds of the same J within excited terms. We
account for this mixing in determining corrections to the
Landé interval rule for the relative energy positions of the
J manifolds within the *I term. However, our calculation
of the crystal-field matrix elements within the *I term
neglects any corrections to the *I wave functions result-
ing from spin-orbit mixing with higher-energy terms.
This method and level of approximation are identical to
those of Refs. 9-12.

The Nd** ion occupies a site of D,; symmetry that
completely lifts the degeneracy of each of the J mani-
folds, except for the twofold Kramers degeneracy. The
structure for Y(Gd)VO is given by Wyckoff.!* (See Fig.
9). The nearest neighbors to the Nd*>* ion are four 0%~
ions (labeled A4,B,C,D in Fig. 9) that form a tetragonally
distorted tetrahedron. The next-nearest neighbors are
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also four O?~ ions that form a second tetragonally dis-
torted tetrahedron, but these are sufficiently far away
that we need consider only the effects of the nearest
neighbors.

Traditionally, the crystal field is expanded in terms of
operators C,, transforming as the kqth spherical har-
monic, cf. Ref. 12. This method uses parameters B,, as-
sociated with these operators. The crystal-field Hamil-
tonian for an f electron at a site of D,; symmetry is then

+B o (Clu+Cy_ ) +Bey(Cou+Ce_y) . (1)

This expression facilitates the calculation of the crystal-
field matrix elements, and before high-speed computers
were readily available, this was the most important con-
sideration. Unfortunately, such a description of the crys-
tal field does not easily lend itself to a useful physical in-
terpretation. So while the parameters B, appear often in
the literature, they are rarely discussed or applied to oth-
er problems.

We present here a different approach towards the cal-
culation of crystal-field parameters. We expand the field
in terms of operators transforming as the irreducible rep-
resentations of the tetrahedral group T,;. Since we are
using a basis set that more closely represents the symme-
try of the crystal field, the number of off-diagonal matrix
elements is reduced. This leads to a definite advantage in
interpreting the fitting parameters.

The f states span the irreducible representations a, ¢,
and ¢, of the T, group. The combinations of the /=3
spherical harmonics that make up the states of these rep-
resentations are

la,)=— ‘/l— 13, —2)+— |3 2)~xyz ,
_V5. a4y _
|ty )= 2 13,—3) |3 1)+ |31)

—Z42|3,3>~(5x2—3r2)x ,

lt3)=— i‘fls,—s)— i‘f 13,—1)— “/3|3 1)
~(5p2=3riy ,

It2§)=|3,0>~(522—3r2)z , 2

lt,x)=——‘£§|3,—3) |3—1)+ |31>

%|3,3)~(y2—22)x ,

iv’s
4

13,

%
Ity =—¥|3,—3)+

"/3 12 133) ~(22—x2)y ,

_ 1 (22
3, 2)+‘/§|3,2) (x2—y*)z

|tlz)=_17'5|
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Included here are the real-valued third-order polynomials
that serve as basis functions for these representations.
From these polynomials, we can determine the shapes of
the various wave functions. The a, state has eight lobes
along the [111] directions. The ¢, states, on the other
hand, have large lobes along the coordinate axes, e.g., I,
has its lobes along the z axis. Finally, the ¢, states have
eight lobes like the a, state, but these lobes are located in
the planes formed by the coordinate axes. For example,
|
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the ¢, state has four lobes in the xz plane and four lobes
in the yz plane, and each of these lobes is tilted away
from the xy plane by £35°. Our work demonstrates how
we can interpret the crystal-field parameters in terms of
the shapes of the wave functions and simple point-ion
models.

Within the basis set {ay, t5¢, £5y, L3g5 Lixs L1y 112} the
crystal-field Hamiltonian for a site of D,; symmetry is
given by

—3(B+y) O 0 0 0 0
0 3—% 0 0 —Y 0
0 0 B—g 0 0 0
Hop= 0 0 0 B+B O 0 3)
0 -Y 0 0 y—-% 0
0 0 Y 0 0 y—% 0
0 0 0 0 0 y+C

The parameters 3 and y give the splitting of the f states
into a singlet a; and two triplets 7, and ¢; by a
tetrahedral field. The tetragonal distortion along the z (¢)
axis, which results in the D,; symmetry, splits each of

TABLE II. Stark levels (cm™') of the *I J multiplets for
Nd** in YVO,.

J multiplet Experimental Calculated

Iy, 0.0 0.0

109.4 106.5

174.9 169.9

226.8 217.2

439.0 444.0

1 1966.5 1966.9

1987.5 1988.4

2046.1 2046.8

2061.5 2062.8

2153.8 2159.1

2181.0 2181.0

I3, 3909.6 3908.7

3931.5 3934.1

3978.6 3978.6

4040.4 4046.3

4087.7 4091.6

4158.6 4161.0

4167.4 4162.0

“Iis, 5833.1 5834.3

5868.3 5872.6

5915.4 5919.6

6066.7 6061.0

6168.3

6260.6 6256.2

6260.2

6317.7 6317.7
*Fi 5 11365.2
11383.5

the triplets into a doublet and a singlet, the 7,, and 7,
states being split off. This is described by the parameters
B and C, respectively. Finally, the D,; symmetry crystal
field leads to a mixing between the 7,, and 7,, states and
between the 7,, and 7,, states, as given by the parameter
Y. A straightforward transformation can be used to con-
vert these parameters into the parameters B, for com-
parison with previous results.

The crystal field is described in Eq. (3) in terms of one-
electron cyrstal-field parameters. We then calculate, in
terms of these parameters, the many-electron matrix ele-
ments of the crystal-field interaction between the states of
the *I term. The positions of the various Stark levels are
the result of simultaneously diagonalizing the spin-orbit
and the crystal-field interactions.

RESULTS AND DISCUSSION

We have performed a least-squares fit to the experi-
mental levels given in Tables I and II. In addition to
varying the five crystal-field parameters (B, ¥, B, C, and
Y), we also varied the energy positions of the *I,,,
*I.3,» and *I5 ,, manifolds relative to the *I, ,, manifold,
thereby accounting for departures from the Landé inter-
val rule that arise from the mixing with excited state
terms. Thus, we have eight independent parameters to fit
more than 20 levels. The results of this fit are given in
Tables III and IV for GVO and YVO, respectively. In
each case, the root-mean-square deviation is less than 4
cm !, showing a very good fit to the experimental results.
In order to compare with other calculations, we have also
included our results expressed in terms of the B, param-
eters.

The first result from our fit is that the energy positions
of the excited spin-orbit manifolds for the Nd>" impurity
in GVO are nearly identical to the energy positions in
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TABLE III. Crystal-field parameters and J multiplet posi-
tions for the Nd*>* dopant in GdVO,.

Crystal-field parameters (cm™!) Energy levels (cm™!)

B= 178.2 Bzo =—30.6

}/=_’508 B40=578 E(4111/2)=1864
=—3325 Bgx=-—1077 E(*I,,,,)=3836

C=370 B,,=968 E(*I,5,,)=5877

Y=—118.7 By =—234

YVO. That these energy positions are similar results
from the shielding f electrons by the closed 5s and 5p
shells.

We now examine the crystal-field parameters. We note
that the differences between the two sets is very slight. In
general, the parameters for the GVO host are slightly
smaller than those for the YVO host. This can be ex-
plained in a simple fashion by considering the dimensions
of the host crystal. The lattice constants for GVO are
larger than those for YVO," leading to a weaker crystal-
field in the case of GVO. Finally, we note that the pa-
rameters B, for Nd:YVO from our fit are in good agree-
ment with those of Karayianis, Morrison, and Wort-
man.!?

The signs of the crystal-field parameters (B, v, B, C, Y)
can be partially explained by considering the shapes of
the wave functions and the positions of the neighbors as
shown in Fig. 9. We note that the directions of the coor-
dinate axes shown in this figure are somewhat atypical.
Qur choice of x and y axes are rotated by 45° from the
usual choice in which the symmetry planes bisect the x
and y axes. We have chosen the axis system in Fig. 9
since it leads to a very simple interpretation of the
crystal-field parameters. In our coordinate system, the
four O%~ ions are very nearly on the x and y axes. There-
fore, the lobes of the ta and oy electron states are nearly
directed towards the negatively charged O ions, making
these the highest-energy states. In contrast to this is the
a, state, whose lobes point along the [111] directions,
away from the O*~ ions. Hence, the a, state is the most
energetically favorable state. In between these extremes
are the 7,; and t, states. The ¢, is expected to lie below
the 7,, and t,, states in energy because there are no O
ions along the z axis as there are along the x and y axes.
Within the ¢, states, the ¢, is expected to be the most en-
ergetic state since its lobes are directed more towards the
O’ ions than are the lobes of each of the states ¢,, and
t1y- The splittings of the ¢, and ¢, manifolds are con-
sistent with B being negative and C being positive. In ad-
dition, the signs and relative sizes of 8 and y are also un-

TABLE 1V. Crystal-field parameters and J multiplet posi-
tions for the Nd** dopant in YVO,.

Crystal-field parameters (cm™') Energy levels (cm™!)

B=190.6 Byy=—141

y=—59.7 B, =616 E(*I,,,,)=1866

B=—3860  Bg,=—1158 E(*I,,,,)=3836

C=289 B, =1008 E(*I,5,,)=5872
=—98.6 Bg,=—285
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FIG. 9. The four O* neighbors surrounding the Nd dopant
in Y(Gd)VO,. These four O ions ( 4,B,C,D) form a tetragonally
distorted tetrahedron with the distortion axis (z) corresponding
to the c axis of the crystal.

derstood in terms of these ideas. As stated previously,
the parameter Y mixes the states ¢, and ¢, and the
states 7,, and t,,. However, since the energy difference
between the pairs of states {1,,1,,} and {t,,?,,} is large
compared to Y, the actual mixing of the wave functions is
only about 6%. The real effect of Y is to push these two
pairs of states farther apart in energy. The amount of the
energy shift of each pair of states to order Y? is given by

Y2
(B—B/2)—(y—C/2) °

We see that our choice of representation for the f elec-
trons does indeed lead to an explanation of the central
elements of the crystal-field parameters in terms of a sim-
ple point-ion model.

We have presented here a detailed spectroscopic study
and crystal-field analysis of Nd:GVO. For comparison,
we have included a similar analysis of Nd:YVO. Our
cyrstal-field parameters vary only slightly between these
two systems, indicating that there are only slight
differences in the crystal field at the Nd site between these
two crystals. These differences can be explained in gen-
eral terms by the larger lattice constants found in GVO
compared to YVO. Our crystal-field analysis involved
the expansion of the crystal field in terms of operators
transforming as the irreducible representations of the T,
group. We see that this method leads to an easy and in-
tuitive interpretation of the crystal-field parameters in
terms of the shapes of the f wave functions and point-ion
structural models. This interpretation may well help to
explain other effects such as the response of the levels to
pressure and the coupling of the dopant to various pho-
nons, which will help to understand nonradiative decay,
lattice relaxation, and phonon-assisted energy transfer.
The increased understanding of the crystal-field parame-
ters and the potential to help explain other important
effects serves as justification for the employment of this
method of crystal-field analysis.

Egin = 4)
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